Excitation spectra and neutron single particle configurations of 33 Mg and 31 Ne are investigated by using antisymmetrized molecular dynamics combined with generator coordinate method. It is shown that both nuclei have strongly deformed 3/2 − ground state with a 3p2h configuration. The excitation spectra are qualitatively understood in terms of the Nilsson model and the calculation has shown the coexistence of different intruder configurations within small excitation energy. The calculated one neutron separation energy of 31 Ne is rather small (S n = 250 keV) and implies a p-wave one neutron halo with a strongly deformed core.
I. INTRODUCTION
The breaking of neutron magic number N = 20 that was firstly pointed out from the observation of the anomalous binding energy and spin of 31 Na [1, 2] has been one of the great interests in nuclear physics. Based on the theoretical calculations, neighboring nuclei around 31 Na was named "island of inversion" [3, 4] because they are dominated by the intruder configuration in which neutrons are promoted into pf -shell across N = 20 shell gap due to strong deformation [5, 6] . Since then, numerous experimental and theoretical studies have been devoted to the island. One of the recent experimental finding is that there are coexistence of "spherical and deformed shape" or "normal and intruder configurations" in many cases [7] [8] [9] [10] . It is expected that the exploration of the coexistence will bring us further understanding of the shell structure in neutron rich N ∼ 20 region.
The spectroscopy of odd-neutron nuclei is of importance and interest, because their spin and parity are related to the last neutron particle's or hole's orbit. For example, we have predicted the coexistence of many-particle and many-hole configurations at small excitation energy in 31 Mg (N = 19) [11] , and some of these excited states are identified by the the proton knock-out reaction from 32 Al [12] . In this paper, we extend our study to N = 21 system ( 33 Mg and 31 Ne). Both of them do not have the definite spin-parity assignment for the ground states and information of their excitation spectra is deficient. In the case of 33 Mg, there are two major spin-parity assignments of the ground state, 3/2 + and 3/2 − . From the observation of the β decays of 33 Na [13] and 33 Mg [14] , 3/2 + assignment is suggested. On the other hand, the measurement of the magnetic moment [15] and one neutron knock-out reaction from 34 Mg [16] suggest
31 Ne is more interesting. Its large reaction cross section [17] and one neutron Coulomb breakup cross section [18] are reported. From the analysis of the one neutron breakup, the assignments of 1/2 + or more likely 3/2 − are suggested. In both assignments, observed large Coulomb breakup cross section strongly suggests one neutron-halo structure of 31 Ne that is firstly observed in the island.
We have applied antisymmetrized molecular dynamics (AMD) with Gogny D1S force [19] to investigate the spectra of 33 Mg and 31 Ne. It will be shown that both nuclei have the strongly deformed 3/2 − ground states with a neutron 3p2h configuration. Similar to N = 19 system, different particle-hole configurations coexist within small excitation energy and their spin-parity are associated with the Nilsson-like orbits occupied by the last neutron.
It is also shown that the one neutron separation energy of 31 Ne is rather small and p-shell neutron-halo structure is possibly formed.
This paper is organized as follows. In the next section, the framework of AMD and the calculational procedure are explained. In the section III, the results are presented.
The change of neutron particle-hole configurations as function of deformation is discussed.
They are related to the spin-parity of the excitation spectra. The calculated spectra and transition probabilities are compared with the observations, and a theoretical assignment of the excitation spectra is suggested. The final section summarizes this work.
II. THEORETICAL FRAMEWORK
The applied theoretical method is the same as our previous work [11] . The deformedbasis AMD [20, 21] is combined with the generator coordinate method (GCM) to calculate the excitation spectra of N = 21 system. The particle-hole configuration is investigated by the analysis of neutron single particle orbits.
A. Wave function, Hamiltonian and variation
The intrinsic wave function of the system with mass A is given by a Slater determinant of single particle wave packets,
where ϕ i is the ith single particle wave packet consisting of the spatial φ i , spin χ i and isospin ξ i parts. The local Gaussian located at Z i is employed as φ i ,
Here Z i , α i , β i and ν σ are the variational parameters. The parity projected wave function,
The Gogny D1S force is employed as an effective nuclear force and the Coulomb force is approximated by a sum of seven Gaussians.
In the present work, we have performed the variational calculation with the constraint on the matter quadrupole deformation β. Variational parameters are optimized by the frictional cooling method so that the energy of the system is minimized for a given constraint on β.
The optimized wave function are denoted as Φ int (β). It is noted that we do not put any constraint on the matter quadrupole deformation γ. Therefore γ has the optimal value for each β.
B. Analysis of the single particle orbit
To identify the particle-hole configuration, we analyze the neutron single particle orbital of Φ int (β). We transform the single particle wave packet ϕ i to the orthonormalized basis,
Here, λ α and c iα are the eigenvalues and eigenvectors of the overlap matrix B ij = ϕ i |ϕ j . Using this basis, the Hartree-Fock single particle Hamiltonian,
is defined. The eigenvalues ǫ s and eigenvectors f αs of h αβ give the single particle energies and the single particle orbits, φ s = A α=1 f αs ϕ α . This procedure gives us information of the occupied neutron orbits. In this paper the particle-hole configuration is denoted as mpnh where m and n respectively denote number of neutron particles in pf -shell and holes in sd-shell in the spherical limit. For example, the normal configuration of N = 21 system is denoted as 1p0h. However, it is noted that this procedure only gives a rough estimation of the particle-hole configuration and should be regarded as a guide to understand the dominant particle-hole configuration of each states. The actual variational wave function is Φ π (β) that is a sum of two Slater determinant. And we then perform the angular momentum projection and GCM calculation that superpose thousands of Slater determinants. Therefore our final wave function explained in the next subsection is beyond a simple single particle picture.
C. Angular momentum projection and GCM
After the variational calculation, we project out an eigenstate of the total angular momentum J, 
where the quantum numbers except for the total angular momentum and the parity are represented by n. The coefficients c n , c The negative-parity states have three minima with 1p0h, 3p2h and 5p4h configurations. The particle-hole configurations of those minima are confirmed by the analysis of the neutron single particle orbits. Figure 1 (c) and (d) shows the single particle energies of the last 7 neutrons as function of deformation. In the case of the negative parity, the last neutron occupies f 7/2 orbit and other neutrons fill sd-shell at small deformation. Therefore, the as the local minimum above the 3p2h configuration has a 5p4h configuration. Its energy is rather higher than other two configurations. The positive-parity curve is also understood in the same way. It has two minima that have respectively 2p1h and 4p3h configurations.
The corresponding intrinsic matter density distributions are shown in Fig. 2 . It shows an almost spherical shape of the normal configuration (1p0h) and deformation becomes larger as number of neutrons in pf -shell increases.
The energy curves and corresponding neutron single particle orbits show the qualitative agreement with the Nilsson model picture discussed in Ref. [22, 23] . The neutron single particle orbits split and change their order depending on deformation of the system. As deformation becomes larger, number of particle in the orbits originate in pf -shell increases.
However, it is reminded that the analysis of the neutron single particle orbits gives only a rough estimation of the particle-hole configuration. Indeed, there are strong parity mixing of the neutron single particle orbits. For example, the orbit denoted as [3,2,1,1/2] in Fig. 1 (d) has the strongest parity mixing where the the positive-parity component amounts to about Deformation of 1p0h configuration is the smallest among all minima and it generates lowlying 7/2 − and 3/2 − states that are respectively attributed to the almost spherical neutron f 7/2 and p 3/2 orbits. In the case of other minima, rotational spectra appear depending on the last neutron orbit. For example, the 3p2h configuration has the last neutron in the [3,2,1,3/2] orbit and it generates the K π = 3/2 − rotational spectrum. In the same way, the 2p1h, 4p3h and 5p3h configurations respectively generate the K π = 3/2 + , 1/2 + and 1/2 − spectra that are associated with the asymptotic quantum number j z of the last neutron.
B. Spectrum of 33 Mg and transitions
Figure. [ 13, 15] . mpnh configurations shown below each bands mean the dominant particle configuration.
Numbers show excitation energies in MeV.
minimum (Φ 3/2 − (β = 0.45)) in Fig. 1 (b) ,
The 3p2h configuration dominates the ground band K π = 3/2 − that has the first excited state 5/2 − 1 at 0.6 MeV. The normal configuration 1p0h is located at higher excitation energy. The 7/2 − 2 and 3/2 − 2 states at 2.1 and 2.5 MeV are understood as the almost spherical f 7/2 and p 3/2 single particle states. The 2p1h and 3p2h configurations appear around 1 MeV.
They respectively dominate the K π = 3/2 + and 1/2 + rotational bands. Similar to 31 Mg, many-particle and many-hole states with different deformation coexist within rather small excitation energy.
The calculated B(E2) values are summarized in Table. I for several low-lying states. Then we compare our results with observations and examine the spectrum of 33 Mg.
Our result supports the 3/2 − assignment of the ground state suggested from the magnetic moment and two neutron knock-out reaction. Indeed the calculated 3/2 − 1 state gives the closest value to the observed magnetic moment among the lowest energy states of particlehole configurations (Table. II) . The calculated first excited state (5/2 − 1 ) at 0.6 MeV may correspond to the observed 0.48 MeV state, because the large Coulomb excitation cross section from the ground state to this state is reported and large quadrupole deformation β C = 0.52 is extracted [24] . Experimentally, the first excited state was reported at 0. 16 MeV from the β decay measurement of 33 Na. Since there was no direct β decay feeding of this state, a tentative assignment of 7/2 − was given. In our calculation, there is not band Thus the present calculation partially explains some of observations but is incompatible with some in any interpretation. Further detailed study including the spectra of 33 Na and 33 Al is required to settle down this problem, that will be done in near future.
C. Spectrum of 31 Ne
Since neutron number is the same, the energy curves and particle-hole configurations of 31 Ne are qualitatively similar to 33 Mg. The difference is in the relative energies between particle-hole configurations. The calculated energy spectrum is shown in Fig. 5 . The Experimentally, small one neutron separation energy S n = 0.29 ± 1.64 MeV is reported [25] . But neither the ground state spin-parity nor excitation spectrum are not well established. The assignment of ground state 3/2 − or 1/2 + is suggested from the Coulomb breakup reaction [18] . From these observations, the p-wave or s-wave neutron halo structure is suggested and theoretically investigated [26] . Therefore, we focus on the ground state property 34 fm) . However, the neutron density distribution does not have a halo-like tail. This is due to the limitation of the present calculation. Since the single particle wave function is limited to the Gaussian form, it cannot describe a halo tail. Improvement of the neutron wave function by combining the AMD with the resonating group method will be made in our next study.
IV. SUMMARY
In summary, we have studied the spectra of isobars.
31 Ne also has the 3/2 − ground state. The calculated small one neutron separation energy (250 keV) supports the p-wave neutron halo structure.
